Introduction {#s0005}
============

The long-term approaches of organic and inorganic fertilizers beside to pesticides are urgently required for the enhancement of crop production [@b0005]. Notably, these applications negatively influence on soil quality and contribute to environmental pollution [@b0010]. Concerning to minimize the detrimental effects of the conventional techniques of agriculture, innovative methods based on microbial inoculation are recently gaining more interest. Plants and microorganisms form a symbiotic association with benefits for both partners. More importantly, plant-microbe symbiosis influence on plant growth and health which effectively ameliorates agricultural traits and improve soil quality and nutrient cycling [@b0015], [@b0020], [@b0025].

Plant growth-promoting endophytes (PGPE) inhabit plant tissues and the close linkage of endophytes inside plant tissues facilitates nutrients exchange and enzymes activity [@b0030], [@b0035]. The distribution of growth-promoting hormones produced by endophytic microorganisms towards plant tissues positively promotes plant growth [@b0040]. Endophytes possess vital ability to mobilize insoluble phosphate and provide nitrogen to their host plants [@b0045], [@b0050]. Microbial endophytes colonize plant tissues without symptomatic behaviour and consequently they compete with other microbial pathogens on the same ecological niches. Therefore, the established plant-endophyte association improves plant health via different mechanisms displayed by endophytes and potentially contributes the protection of plant host against microbial pathogenesis [@b0055]. PGPE produce various bioactive compounds with several biological activities which can be directly or indirectly described as plant growth-promoting (PGP) agents. Approximately most of the plants harbour endophytes interior their tissues; however, available information on PGPE and their biological activities is not equivalent to the high distribution of endophytes. A superior comprehension of the native endophytes of plants may help clarify their capacities and potential in enhancing plant growth and establishing a sustainable system for crop production.

*Teucrium polium* L. is a wild plant belonging to family Lamiaceae and naturally found in Saint Katherine Protectorate which is a part from the Sinai Peninsula in Egypt. Saint Katherine Protectorate is characterized by extremely arid climate and it is located at average of 1500--2000 m above mean sea level [@b0060]. It has been reported that *T. polium* plant used in traditional medicine as antimicrobial and antiseptic; more recently, several bioactive compounds such as terpenoids and flavonoids have been isolated from *T. polium* and their pharmaceutical uses as antimicrobial, antioxidant, and anticancer have been investigated [@b0065]. Although the ecological and biological importance of *T. polium* as a medicinal plant inhabitant in unique environmental area, microbial endophytes of this plant have been yet investigated. A previous study focused on the isolation of fungal endophytes from *T. polium* which occurs in Saint Katherine Protectorate [@b0060]; screening antimicrobial activities of these fungal endophytes have only been examined. Till now, no published study has been inspected plant growth-promoting activities of microbial endophytes correlated to this medicinal plant in natural arid habitats. Discovery the presence of endophytic bacteria and fungi in *T. polium* could be biotechnologically applicable; therefore, hypothesis of the current study is that microbial endophytes of this medicinal plant are promising bio-inoculants for plant growth promotion trait. The outline of this study concentrates on the isolation, molecular identification, and characterization of putative bacterial and fungal endophytes related to medicinal plant of *T. polium* which naturally occur in arid conditions of Saint Katherine Protectorate. More specificity, verification for plant growth-promoting properties of these microbial isolates such as enzymatic production, antimicrobial activity, IAA and ammonia production, and P solubilization were evaluated to test their influence on the biomass production of maize plant as an important economical crop.

Material and methods {#s0010}
====================

Plant sampling and microbial endophytes isolation {#s0015}
-------------------------------------------------

Medicinal plant of *Teucrium polium* L. (family Lamiaceae) was collected from Wadi al-Zwatin (lat 28.539290° to 28.53919° N; long 33.930784° to 33.92044° E), Saint Katherine Protectorate, Sinai Peninsula, Egypt. The plant leaves were washed by running tap water and subsequently by sterile distilled water, then surface sterilized by ethanol 70% for 1 min, sodium hypochlorite 2.5% for 5 min, ethanol 70% for 30 s, and finally washed in sterile distilled water for 3 times. The last washing water was plated onto nutrient agar, Czapek Dox (CD) agar, and potato dextrose agar (PDA) media. Additionally, any microbial DNA in the last washing water was detected by the amplification of bacterial rRNA genes or fungal ITS fragments. The success of surface sterilization method was confirmed by the absence of microbial DNA amplification and also when no microbial growth was detected on the cultural media. Bacterial endophytes were isolated from the sterilized plant leaves [@b0070] on Luria-Bertani (LB) and nutrient agar media, where fungal endophytes were isolated on PDA and CD media [@b0030]. The bacterial and fungal growth from the internal tissues or crushed segments were checked for purity, transferred to fresh cultural slants and stored at 4 °C for further study.

Molecular identification of endophytes {#s0020}
--------------------------------------

Molecular identification was carried out based on bacterial 16S rRNA gene and fungal internal transcribed spacer (ITS) rDNA rejoins amplification and sequence analyses. Genomic DNA was extracted according to the method of Miller et al. [@b0075]. Bacterial 16S rRNA genes were amplified using the genomic DNA as template and bacterial universal primers of 27 f (5-GAGTTTGATCACTGGCTCAG-3) and 1492 r (5-TACGGCTACCTTGTTACGACTT-3) [@b0080]. Fungal ITS rDNA rejoins were amplified by the primers of ITS1 f (5-CTTGGTCATTTAGAGGAAGTAA-3) and ITS4 (5-TCCTCCGCTTATTGATATGC-3) [@b0085]. The PCR mixture contained: 1 × PCR buffer, 0.5 mM MgCl2, 2.5 U Taq DNA polymerase (QIAGEN, Germantown, MD 20874, USA), 0.25 mM dNTP, 0.5 μM of each primer, and 1 μl of extracted genomic DNA. The PCR was performed in a DNA Engine Thermal Cycler (PTC-200, BIO-RAD, USA) with 94 °C for 3 min, followed by 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, followed by a final extension performed at 72 °C for 10 min. The PCR products were checked for the expected size on 1% agarose gel and were sequenced at the Genome Quebec Innovation Center Facility (Montreal, Canada) with the two primers. The retrieved bacterial sequences at this study have been deposited in GenBank under accession numbers from KY905357 to KY905363, where the accession numbers of fungal ITS sequences are KY906184-KY906188. The sequences were compared against the GenBank database using the NCBI BLAST program. Multiple sequence alignment was done using ClustalX 1.8 software package (<http://wwwigbmc.u-strasbg.fr/BioInfo/clustalx>) and a phylogenetic analysis was constructed by the neighbor-joining method using MEGA (Version 6.1) software, with confidence tested by bootstrap analysis (1000 repeats).

Screening of plant growth-promoting properties of endophytes {#s0025}
------------------------------------------------------------

Microbial endophytic isolates were screened for phosphate solubilization by procedure of Jasim et al. [@b0090] using Pikovskaya medium and bromophenol blue as indicator. The ability of endophytic isolates to produce ammonia was assessed using Nesseler's reagent in peptone liquid media [@b0095]. Where, the intensity of colour change indicates the endophytes capacity for ammonia production.

Produced extracellular enzymes by bacterial endophytes were assessed with conducting the tested substrates into a mineral salt (MS) media and inoculating the media with bacterial isolates. The production of extracellular enzymes by fungal endophytes were detected by growing on Yeast-Malt (YM) agar media (YM: 10 g/L glucose, 5 g/L peptone, 3 g/L yeast extract, 3 g/L malt extract, 1.5% agar, pH 6.7) and placing 5 mm fungal plugs on the YM agar media supplemented with dissolved and specific indicative substrates. Amylase, cellulose, protealase, pectinase, and xylanase activities of endophytes were evaluated by growing the endophytic isolates on media supplemented with 1% of soluble starch, cellulose or carboxy-methylcellulose (CMC), gelatine, Pectin, and xylan, respectively. The appearance of clear zone was measured after adding specific reagents (iodine, acidic mercuric chloride, hexadecyl trimethyl ammonium bromide, and absolute ethyl alcohol to detect the amylolytic and cellulolytic, proteolytic, pectinolytic, xylanolytic activities, respectively) and used as indicator for extracellular enzymatic activities [@b0100].

To test the antimicrobial activity of endophytes, the bacterial isolates were cultured in nutrient broth medium for 6 days at 35 ± 2 °C on a shaker at 180 rpm. Where, fungal isolates were cultured in Malt extract liquid medium for 10 days at 28 °C on a shaker at 180 rpm. Crude fermentation broth were blended thoroughly and centrifuged at 4000 rpm for 5 min. Liquid supernatant was extracted with an equal volume of ethyl acetate thrice. The organic solvent extract was then evaporated and the crude extracts were dissolved in dimethyl sulfoxide (DMSO) and used for antimicrobial screening assay by well diffusion method [@b0105]. The coded test organisms used for antimicrobial assay were; Gram-positive bacteria: *Staphylococcus aureus*, ATCC 6538 and *Bacillus subtilis*, ATCC 6633; Gram-negative bacteria: *Escherichia coli*, ATCC 8739; *Pseudomonas aeruginosa*, ATCC 9027 and *Salmonella typhimurium* ATCC 14028; and yeast strain of *Candida albicans*, ATCC 10231. Antimicrobial activity of the endophytic crude extracts was determined by the method previously described [@b0100].

The ability of endophytes to produce IAA was determined with Salkowski's reagent and different concentrations of tryptophan (1, 2 and 5 mg mL^−1^) or without tryptophan according to the colorimetric method previously described [@b0110]. Moreover, the highest producers for IAA were selected and subjected to another assay for detection the amount of IAA at 2 days interval within 14 days in the presence of optimum tryptophan concentration 5 mg mL^−1^.

Effect of the endophytic inoculation on maize growth {#s0030}
----------------------------------------------------

Two bacterial isolates of Tp.1B and Tp.6B, a bacterial consortium formed a mix of Tp.1B-Tp.6B, two fungal isolates Tp.2F, and Tp.5F, and a fungal inoculum formed a mix of Tp.2F-Tp.5F were selected for their better PGP activities in order to test the effect of endophytic inoculation on root length and the biomass productionh of maize plant. The seeds were surface disinfected by soaking in 2.5% sodium hypochlorite for 5 min, 70% ethanol for 1 min, and then washed by sterile distilled water for 5 times. Bacterial pure cultures of Tp.1B and Tp.6B were grown in nutrient broth at 35 ± 2 °C on a shaker at 180 rpm. The bacterial cultures were diluted in sterilized distilled water to reach final concentration of 10^6--8^ CFU mL^−1^ [@b0070]. Fungal isolates of Tp.2F and Tp.5F were inoculated in CD broth at 28 °C on a shaker at 180 rpm for 7 days [@b0100]. Pregerminated and surface-disinfected seeds were incubated with bacterial or fungal suspensions at room temperature for 6 h, the broth without microbial inoculation was used to treat control seeds. Control and treated seeds were placed in sterilized Petri dishes with wet sterilized filter papers and incubated at room temperature for 5 days in dark to measure the root length. The experimental treatments were conducted in 5 replications, in which 10 seeds per each replicated unit.

A pot experiment greenhouse was carried out to evaluate the effect of endophytic inoculation on maize growth. A completely randomized design was set up including the inoculation with endophytes of Tp.1B, Tp.6B, Tp.2F, and Tp.5F plus microbial consortiums of Mix.1-6B (bacterial isolates of Tp.1B and Tp.6B) and Mix.2-5F (fungal isolates Tp.2F, and Tp.5F). The disinfected seeds were germinated on wet sterilized filter papers and incubated at room temperature for 5 days in dark. The equal sized seedling were chosen and immersed in bacterial or fungal suspensions at room temperature for 2 h [@b0070], where control seedling were treated by free-bacterial or free-fungal suspensions. Control and treated seedling were transplanted in 1 L plastic pots filled with 900 g of sterilized soil-sand mixture, 3 seedlings per pot. A loamy soil (sand 76.8%, silt 10.9%, and clay 12.2%) with chemical characters of: pH = 6, CEC (mEq per 100 g) = 15, organic matter = 5.2%, 24 mg kg^−1^ P, 15.1 mg kg^−1^ K, 186.4 mg kg^−1^ Na, 27.3 mg kg^−1^ Ca, and 134.4 mg kg^−1^ Cl was used. This soil was air-dried, sieved with a 2 mm sieve, and autoclaved twice for one hour at 121 °C. For further successful inoculation, one-week-old seedlings were treated with 10 mL of microbial suspensions [@b0115]. Control seedling were loaded by free-bacterial or free-fungal suspensions. Plants were grown in a greenhouse with temperature 25--30 °C and irrigated by tap water without adding any fertilization. After 30 days plants were harvested, shoot and root systems were separated, and roots were washed carefully with tap water to remove soil particles attached with roots. The shoots and roots fresh weight were measured, and then oven dried for 72 h at 60 °C and weighted to determine the dry weights.

Statistical analysis {#s0035}
--------------------

Data were statistically analyzed by SPSS v17, one-way analysis of variance (ANOVA) test was used for multiple sample comparison, when normality and homogeneity of variance were satisfied, followed by multiple comparison LSD test at *P* \< 0.05.

Results {#s0040}
=======

Molecular identification of endophytes {#s0045}
--------------------------------------

Seven bacterial endophytes were isolated and purified from the shoot system of *T. polium* plant. Phylogenetic analysis based on 16S rRNA gene sequencing and alignment revealed that these endophytes were classified into two different species of *Bacillus* ([Fig. 1](#f0005){ref-type="fig"}a). The molecular identification of 16S rRNA gene fragments of these isolates showed that, 3 isolates of Tp.1B-3B were identified as *Bacillus cereus* strain BVC62 (JQ660645) with 99% identity and 4 isolates of Tp.4B-7B had 16S ribosomal amplicons similar to *Bacillus subtilis* strain UPMB10 (KP641618) with 99% homology ([Table 1](#t0005){ref-type="table"}). Moreover, five endophytic fungi were obtained and genotypically clustered into two different species of *Penicillium* ([Fig. 2](#f0010){ref-type="fig"}b). The BLAST results showed that the ITS sequences of 2 isolates Tp.1F-2F were more relatives to *Penicillium chrysogenum* isolate MS15 (KT362139) with 99% genetic similarity, where 3 isolates of Tp.3F-5F were affiliated to *Penicillium crustosum* strain 2T01Y01 (KC193255) with 98% homology ([Table 1](#t0005){ref-type="table"}).Fig. 1Phylogenetic analysis of: (a) 16S rRNA sequences of the bacterial isolates, and (b) ITS regions of fungal isolates, with the sequences from NCBI. Tp.1B-3B and Tp.3B-7B refer to 16S rRNA sequences retrieved from bacterial endophytes, where Tp.1F-2F and Tp3F-5F are the sequences obtained from fungal endophytes. The analysis was conducted with MEGA 6 using neighbor-joining method with bootstrap value (1000 replicates).Fig. 2Quantitative production of IAA by: (a) endophytic bacterial isolates, and (b) endophytic fungal isolates; with and without tryptophan. Bars with the same letter for each endophytic isolates did not differ significantly at significant level of (*P* ≤ 0.05); Error bars indicate means ± SE by LSD test (n = 6).Table 1The molecular identification of endophytic microbial isolates from *T. polium*.Microbial isolate codeNearest holomogue sequences (accession number)Sequence identity %Accession numbersBacterial endophytesTp.1B*Bacillus cereus* (JQ660645)99KY905357Tp.2B*Bacillus cereus* (JQ660645)98KY905358Tp.3B*Bacillus cereus* (JQ660645)98KY905359Tp.4B*Bacillus subtilis* (KP641618)99KY905360Tp.5B*Bacillus subtilis* (KP641618)99KY905361Tp.6B*Bacillus subtilis* (KP641618)98KY905362Tp.7B*Bacillus subtilis* (KP641618)98KY905363  Fungal endophytesTp.1F*Penicillium chrysogenum* (KT362139)99KY906184Tp.2F*Penicillium chrysogenum* (KT362139)98KY906185Tp.3F*Penicillium crustosum* (KC193255)98KY906186Tp.4F*Penicillium crustosum* (KC193255)98KY906187  Tp.5F*Penicillium crustosum* (KC193255)99KY906188

Screening plant growth promoting activities of endophytes {#s0050}
---------------------------------------------------------

The PGP activities of bacterial and fungal endophytes that could directly or indirectly promote plant growth and health were evaluated. The results revealed that all isolated fungal endophytes differentially produced ammonia, while 3 bacterial endophytes of Tp.2B, 4B and 5B were not be able to produce ammonia. ANOVA analysis showed that endophytic fungi displayed higher ability to solubilize inorganic phosphate than those recorded for endophytic bacteria ([Table 2](#t0010){ref-type="table"}). Fungal isolate of Tp.2F and Tp.5F showed the highest (*P* = 0.01) ability for phosphate solubilization compared to other endophytes.Table 2Ammonia production and phosphate solubilization of endophytic microbial isolates.Microbial isolatesAmmonia productionP solubilization\
Diameter of clear zone (mm)Tp.1B++6.3 ± 0.4^d^Tp.2B−0^f^Tp.3B+0^f^Tp.4B−3.3 ± 0.3^e^Tp.5B−0^f^Tp.6B++7.7 ± 0.3^c^Tp.7B+3.7 ± 0.3^e^Tp.1F+6.0 ± 0.5^d^Tp.2F++10.7 ± 0.3^a^Tp.3F+0^f^Tp.4F+7.3 ± 0.^2c^Tp.5F++9.3 ± 0.3^b^[^1]

Antimicrobial activities of endophytes showed that bacterial endophyte of Tp.6B inhibited the growth of the six tested microorganisms; in fact, Tp.6B was the only endophyte which positively affected the pathogenic fungal growth of *Candida albicans* ATCC 10231. Fungal endophyte of Tp.5F exhibited inhibitory actions against 3 tested microbial pathogens and it was observed amongst the highest suppressor for *Bacillus subtilis* ATCC 6633. Bacterial endophyte of Tp.1B significantly (*P* = 0.04) displayed antagonistic effect against the growth of 4 tested pathogens, where this endophyte was recorded as the highest inhibitor for *Pseudomonas aeruginosa* ATCC 9027 ([Table 3](#t0015){ref-type="table"}).Table 3Antimicrobial activities of microbial endophytes.Microbial isolatesDiameter of clear zone (mm)*P. aeruginosaS. typhiE. coliS. aureusB. subtilisC. albicans*Tp.1B16.7 ± 0.3^a^11.3 ± 0.3^b^8.3 ± 0.3^b^0^c^6.00.6^b^0^b^Tp.2B0^f^8.6 ± 0.3^c^0^c^0^c^0^d^0^b^Tp.3B13.7 ± 0.3^b^8.3 ± 0.3^c^0^c^0^c^0^d^0^b^Tp.4B13.3 ± 0.8^b^0^e^0^c^0^c^3.7 ± 0.1^c^0^b^Tp.5B12.7 ± 0.6^b^0^e^0^c^0^c^0^d^0^b^Tp.6B16.6 ± 0.3^a^19.3 ± 0.7^a^15.3 ± 0.3^a^20.0 ± 1.1^a^15.7 ± 0.3^a^12.6 ± 0.3^a^Tp.7B0^f^7.3 ± 0.4^d^0^c^0^c^0^d^0^b^Tp.1F9.3 ± 0.4^d^0^e^0^c^0^c^0^d^0^b^Tp.2F11.7 ± 0.4^c^0^e^0^c^0^c^7.0 ± 1.1^b^0^b^Tp.3F8.7 ± ^d^0^e^0^c^0^c^0^d^0^b^Tp.4F7.3 ± ^e^0^e^0^c^0^c^0^d^0^b^Tp.5F13.3 ± 0.3^b^0^e^0^c^14.7 ± 0.3^b^14.6 ± 0-3^a^0^b^[^2][^3]

It was remarkable that isolated bacterial and fungal endophytes produced several extracellular enzymes; however, different endophytic isolates appeared variable enzymatic activities. Fungal isolates of Tp.5F and Tp.2F showed the maximum enzymatic activities compared to other endophytes ([Table 4](#t0020){ref-type="table"}). Amongst bacterial endophytes, isolate of Tp.1B was recorded as the highest producer for amaylase (*P* ≤ 0.001) and cellulose enzymes (*P* = 0.04). The maximum bacterial production of pectinase and protease enzymes was found for bacterial endophytes of Tp.1B and Tp.6B ([Table 4](#t0020){ref-type="table"}).Table 4Extracellular enzymatic activities of microbial endophytes.Microbial isolatesDiameter of clear zones (mm)AmylasePectinaseCMCaseCellulaseXylanaseGelatinaseTp.1B20.7 ± 0.6^a^15.7 ± 0.3^d^25.3 ± 0.3^d^30.3 ± 0.3^b^25.3 ± 0.3^c^22.7 ± 0.3^b^Tp.2B6.7 ± 0.3^c^12.7 ± 0.3^f^12.0 ± 0.5 g14.3 ± 0.3 g10.6 ± 0.8^f^17.7 ± 0.6^c^Tp.3B7.0 ± 0.5^c^13.3 ± 0.8^e^13.0 ± 0.7^f^13.3 ± 0.9 g10.3 ± 0.9^f^14.0 ± 0.5^d^Tp.4B6.3 ± 0.9^c^13 ± 0.5^e^10.3 ± 0.3 h14.0 ± 1.1 g11.7 ± 0.7^f^12.3 ± 0.3^e^Tp.5B6.1 ± 0.6^c^13.3 ± 1.3^e^10.3 ± 0.9 h13.6 ± 0.7 g10.3 ± 0.9^f^17.7 ± 0.3^c^Tp.6B9.3 ± 0.6^b^14.7 ± 0.7^d^15.3 ± 0.3^e^20 ± 1.2^f^14.7 ± 0.3^e^23.3 ± 2.4^b^Tp.7B6.3 ± 0.3^c^12.6 ± 0.3^f^8.6 ± 0.3^i^13.7 ± 0.3 g11.0 ± 0.6^f^17.3 ± 0.3^c^Tp.1F5.3 ± 0.3^d^31.0 ± 0.5^b^30.0 ± 0.6^c^28.6 ± 0.3^c^23.0 ± 0.5^d^24.6 ± 3.3^b^Tp.2F0^e^36.7 ± 0.8^a^38.7 ± 0.7^b^34.7 ± 0.7^a^31.3 ± 0-7^b^34.7 ± 0.9^a^Tp.3F5.4 ± 0.3^d^24.0 ± 0.6^c^25.0 ± 0.5^d^25.7 ± 0.6^d^22.3 ± 0.8^d^24.0 ± 0.6^b^Tp.4F0^e^23.0 ± 1.2^c^26 ± 2^d^22.0 ± 0.5^e^22.4 ± 0.9^d^23.3 ± 0.3^b^Tp.5F22.3 ± 1.5^a^37 ± 1^a^41 ± 1^a^36.3 ± 1.2^a^38 ± 1.2^a^33.3 ± 0.8^a^[^4]

The results indicated that all endophytes tested produced IAA without or with tryptophan as precursor; however, it was observed that the range of IAA production increased with increasing tryptophan concentration in the media. Tryptophan concentration of 5 mg mL^−1^ induced the highest IAA amount produced by bacterial and fungal endophytes ([Fig. 2](#f0010){ref-type="fig"}). Fungal endophytes displayed higher IAA biosynthesis than those synthesized by bacterial endophytes. At all tryptophan concentrations or without tryptophan, fungal endophytes of Tp.5F and Tp.2F were the maximum IAA producers, where the highest bacterial IAA production was found for isolates of Tp.1B and Tp.6B. These four representative endophytes were further investigated for their ability of IAA biosynthesis at time courses of 2--14 days. Fungal endophyte of Tp.5F exhibited the highest IAA range of 19.9--63.5 µg mL^−1^ (*P* ≤ 0.001) while bacterial endophyte Tp.1B produced the maximum (*P* = 0.03) value (4.1--23.4 µg mL^−1^) of IAA ([Fig. 3](#f0015){ref-type="fig"}).Fig. 3IAA production by the most potent of: (a) bacterial isolates (b) fungal isolates; in the presence of 5 mg/mL tryptophan and at different interval time course. At each time, asterisk denotes significant difference between control and endophytic isolates at significant level of (*P* ≤ 0.05) as determined by LSD test. Values are means ± SE (n = 6).

Effect of endophytes on plant growth {#s0055}
------------------------------------

In order to investigate the effect of endophytes inoculation on plant growth, four representative endophytes of Tp.1B, Tp.6B, Tp.2F, and Tp.5F plus microbial consortiums of Mix.1-6B and Mix.2-5F were selected based on their potential PGP properties ([Table 5](#t0025){ref-type="table"}, [Table 6](#t0030){ref-type="table"}). Analysis of variance indicated that bacterial inoculation were significantly (F~3,36~ = 55.8; *P* ≤ 0.001) increased root length compared to the control (not inoculated seeds); however, inoculation with individual bacterial isolate or Mix.1-6B resulted in similar root length. Also, fungal inoculations caused significant (F~3,36~ = 59; *P* ≤ 0.001) increase the root length in contrast to non inoculated treatments. Regarding to the effect of endophytes on biomass production of maize in a greenhouse experiment, multi-comparison analyses revealed that the highest fresh (F~3,20~ = 315.8 and; *P* ≤ 0.001) and dry (F~3,20~ = 848.03 and; *P* ≤ 0.001) shoot weights were resulted from Tp.5F inoculation ([Table 5](#t0025){ref-type="table"}). Moreover, Mix.2-5F--plant association led to a significant (F~3,20~ = 83.34 and; *P* ≤ 0.001) increase of fresh root weights comparable with not inoculated plants ([Table 6](#t0030){ref-type="table"}). Remarkably, plants inoculated with fungal endophytes produced plant biomass higher than those observed for bacterial-inoculated plants.Table 5Effect of bacterial inoculations on the growth properties of maize plants*.*Root length (cm)Fresh weight (mg)Dry weight (mg)Bacterial treatmentsShootRootShootRootControl7.5 ± 0.85^c^535.8 ± 37.2^b^1011.6 ± 56.0^b^80.5 ± 3.2^c^222.3 ± 8.0^c^Tp.1B11.5 ± 0.57^a^647.5 ± 22.2^a^1137.3 ± 30.8^a^129.1 ± 4.0 a328.3 ± 5.2^a^Tp.6B10.45 ± 0.59^a^636.1 ± 16.0^a^1143.3 ± 18.6^a^110.7 ± 3.7^b^310.8 ± 4.8^b^Mix.1-6B11.85 ± 1.2^a^643.0 ± 15.6^a^1169.8 ± 19.3^a^129.3 ± 6.9^a^332.0 ± 4.4^a^[^5]Table 6Effect of fungal inoculations on the growth properties of maize plants*.*Root length (cm)Fresh weight (mg)Dry weight (mg)Fungal treatmentsShootRootShootRootControl7.8 ± 0.78^b^559.5 ± 13.1^a^1012 ± 6.8^d^85 ± 3.2^c^222 ± 5.2^c^Tp.2F12.05 ± 1.06^a^680.8 ± 8.4^b^1108 ± 44.7^c^133.1 ± 1.9^b^333.7 ± 16.7^b^Tp.5F11.8 ± 1.13^a^732.3 ± 5.7^a^1225.8 ± 10.1^b^146.5 ± 1.8^a^346.2 ± 24.9^a^Mix.2-5F12.8 ± 0.63^a^727.6 ± 14.6^a^1247.3 ± 36.0^a^147.8 ± 2.6^a^330.5 ± 8.4^b^[^6]

Discussion {#s0060}
==========

Medicinal plant of *T. polium* abundantly occurred in extremely arid area in Saint Katherine Protectorate of Egypt [@b0060]. Bahramikia and Yazdanparast [@b0065] reviewed 100 published works on phytochemical, pharmacological, and toxicological uses of extracts and active compounds isolated from *T. polium* during 40 years from 1970 to 2011. Antioxidant, anticancer, antibacterial, antifungal, and other biological activities have been reported for active compounds of *T. polium*, in particular terpenoids and flavonoids [@b0065]. This plant could has different physiological and biological components that permit it to thrive in arid area with that valuable importance, and maybe some portion of its versatile adaptation would depend leastwise on its capacity to set up viable relationship with microbial endophytes. To our knowledge, this is the first report concerning the isolation of putative bacterial and fungal endophytes associated with this medicinal plant and characterization these endophytes as PGPE.

In the current study, seven bacterial and five fungal endophytes were isolated from medicinal plant of *T. polium*. Depending on PGP traits, four representative microbial isolates were selected and their potential role for PGP was determined. Genotypic characterization of bacterial isolates based on 16S rRNA sequences analysis showed that the isolated strains were classified in the genus *Bacillus.* The predominance of *Bacillus* genus as endophytic bacteria has been isolated from ginseng (*Panax ginseng* C.A. Meyer) [@b0120], *Lonicera japonica* [@b0125], and soybean (*Glycine* max L.) [@b0130]. Hanna et al., [@b0135] reported also the frequency of genus *Bacillus* in several perennial and annual plants found in north Sinai deserts, Egypt. Bacillus is one of the most commonly found as bacterial endophytes [@b0140], [@b0145]. Our results are in line with those reported that Bacillus populations have been widely found in various medicinal plants such as *Glycyrrhiza* spp., *Pinellia ternate*, *Lycium chinense*, *Digitalis purpurae*, *Leonurus heterophyllus*, *Bletilla striata*, *Belamcanda chinases*, *P. pedatisecta*, and *Taxus yunnanensis* [@b0150], [@b0155], [@b0160].

Phylogentic analysis of fungal ITS sequences showed the taxonomic status of fungal endophytes to the genus *Penicillium*. Selim et al. [@b0060] obtained 6 fungal endophytes namely *Aspergillus niger*, *Alternaria alternate*, *Nigrospora sphaerica*, *Penicillium corylophilum*, *Penicillium chrysogenoum*, and white sterile mycelia isolated from *T. polium*. Nicoletti et al. [@b0165] reviewed the endophytism ubiquitous of *penicillium* genus in several woody plants; also, different endophytic *penicillium* species were isolated from coffee plants [@b0170]. Broad screening techniques based on culture-dependent or independent methods to determine the endophyte-plant association is required in order to understand the specific relationship between plants and endophytes. In this direction, the determination of the plant-associated endophytes would be useful for the biotechnological applications of endophytes as biocontrol or plant growth-promoting agents.

Microbial endophytes directly promote plant growth through the production of plant hormones particularly IAA or phosphorus mobilization. Indirect plant growth promotion caused by endophytes includes antimicrobial activities and ammonia production or the synthesis of degrading enzymes which significantly inhibit pathogenic microorganisms.

'In addition to the role of IAA in plant growth regulation, microbial IAA integrates symbiotic interaction between plants and microorganisms [@b0040]. The results revealed that the highest IAA concentration ranges of 19.9--63.5 µg mL^−1^ and 4.1--23.4 µg mL^−1^ were registered for fungal endophyte of Tp.5F and bacterial endophyte Tp.1B, respectively; suggesting that the ability of these endophytes to stimulate root development and promote plant growth. It has been observed that root growth regulation is the main phenotypic character mediated by IAA [@b0175], [@b0180]; also, IAA produced by bacterial endophytes positively affected root development of tomato plants [@b0185]. IAA has a crucial role in plant root formation and cell division stimulation even though under harsh environmental condition [@b0180], [@b0190]. Data analysis showed that increased IAA concentration significantly accomplished with increased tryptophan levels. Interestingly, the isolated endophytes had capacity of IAA synthesis without tryptophan supplementation which reflects the conditions inside plant tissues, where IAA synthesis occurs with free tryptophan levels. In fact, our results supposed that microbial endophytes obtained in this study, potentially regulate plant growth by means of IAA synthesis. In addition, different endophytic microbial species achieved variable capacity to produce IAA levels in a manner that differentially affected plant growth. Previously, it was observed that IAA produced by bacterial endophytes stimulate plant growth and increase root area and subsequently enhance nutrients uptake from the soil [@b0195]. Dawwam et al. [@b0200] showed that bacterial endophytes produced different amount of IAA ranged from 0.36 mg mL to 14.77 mg mL^−1^ and from 0.6 µg mL^−1^ to 10.73 µg mL^−1^. Three endophytic fungi of *Penicillium chrysogenum*, *Alternaria alternate*, and Sterile hyphae were isolated from *Asclepias sinaica* and produce approximately high IAA ranges of 100--160 µg mL^−1^ and exhibited a significant increase in root length of maize plants [@b0100].

Microbial phosphate solubilization is a promising tool as biofertilizers application; the results showed that microbial endophytes of Tp.2F, Tp.5F, Tp.6B, and Tp1B displayed the highest indices for phosphate solubilization which is the main contributor for increased plant growth. Karagöz et al. [@b0205] revealed that secretion of organic acids is one of the main mechanisms which enable bacteria to mobilize the insoluble phosphate. Another mechanism by which the phosphorus solubilizing bacteria help plants to access the P is through excretion of protons or enzymatic production that solubilize insoluble forms of P or mineralize organic phosphorus and render it available to the plants for uptake [@b0210], [@b0215]. Inoculation with endophytes increased phosphate solubilization and significantly improved plant growth [@b0220]. On the other hand, microbial production of ammonia potentially provides plants with their demand of nitrogen and not only considers a mechanism for plant growth stimulation but also increases the plant defence against pathogens colonization. Frequent nitrogen input in the soil mainly increases the cost of crop production; therefore, production of ammonia by endophytes is a desirable trait for plant growth promotion and soil fertility [@b0225].

Enzymatic and antimicrobial activities are indirect mechanisms exhibited by endophytes for plant growth promotion. The results demonstrated that all isolated endophytes produced cellulose, pectinase, xylanase, and protease enzymes. These enzymes are responsible for hydrolytic actions which enable endophytes to penetrate plant tissue and establish symbiotic relationship between endophytes and host plant. The enzymatic activities of endophytes provide their host plants with a protection against pathogenic microorganisms through cell wall hydrolysis of pathogens [@b0230]. Although endophytes obtain their nutrients from plant by enzymes secretion, these extracellular enzymatic activities improve plant nutrition and imply in plant senescence by protein and polysaccharides degradation [@b0235]. In another view regarding to biotechnology, amylolytic and proteolytic enzymes of endophytes are being investigated to improve industrial processes for polysaccharides and protein biodegradation [@b0240].

Suppression of microbial growth by crude filtrate of endophytes was determined in order to investigate antimicrobial activity of endophytes [@b0245]. Results showed that all isolated endophytes displayed significant inhibition zone against at least one of the tested microbial pathogens. Therefore, endophytes with PGP characters integrated with antimicrobial actions potentially useful for crop production. Our results suggest the ability of these endophytes as biocontrol agents to inhibit the growth of pathogenic microorganisms. For biotechnological application of endophytes as biocontrol, the selection of microbial inoculants in regard to their direct ability to promote plant growth is crucial. However, other mechanisms which enable microbial inoculants to establish mutualism with plants without severe any detrimental symptoms are necessary required [@b0250].

Endophytes localize inside plant tissues, that close linkage facilitates mutualism between endophytes and plant. Since endophytes are acting as producers for several bioactive compounds through various mechanisms, they offer several benefits significantly affect plant growth. Advantageously, being endophytes colonize plant tissues with symptomless appearance; they compete with pathogens on the same habitat and positively influence plant health. In a greenhouse experiment, the endophytes inoculated plants displayed better shoot and root dry weights compared to uninoculated plants. In addition, the representative isolates significantly increased plant root length than found for uninoculated plants. Endophytes isolated from plant and their inoculation enhanced the growth of other plants was previously found, where bacterial endophytes isolated from *Lonicera japonica* improved the growth of wheat plants, respectively [@b0125]. Using microbial consortium with different endophytic isolates which have various PGP characters can probably integrated together and improve plant growth and health by employment diverse mechanisms within different periods of the plant life cycle [@b0225]. Obviously, putative endophytes isolated in this study exhibited multiple routes to improve plant growth; moreover, better performance of inoculated plants grown in soil suggests the probable competition of isolated endophytes with soil microorganisms. However, neither this competition nor endophytic capacities of representative isolates in the tested plants have yet been proven in our study.

Conclusions {#s0065}
===========

The present study revealed that medicinal plant of *T. polium* which naturally inhabitant arid conditions, is an ecological niche for diverse putative bacterial and fungal endophytes. These endophytes displayed various direct and indirect mechanisms for plant growth promoting without symptomatic injury; therefore, inoculation of maize plants with endophytic representative isolates stimulated plant growth and increased biomass production compared to uninoculated plants. This study suggests the potential application of these endophytes in agricultural traits could results in ameliorate plant production and health and in another way may lead to improve soil quality and fertility. However, further endophytes isolation and repetitive field experiments are required to support the current finding.
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[^1]: −, +, and ++ denote no, low, and high ammonia production, respectively. Values within the same column with different letters are significantly different (*P* ≤ 0.05) by LSD test, values are means ± SE (n = 6).

[^2]: Tested microorganisms are, Gram positive bacteria: *Staphylococcus aureus* ATCC 6538 (*S. aureus), Bacillus subtilis* ATCC 6633 *(B. subtilis);* Gram negative bacteria: *Escherichia coli* ATCC 8739 (*E. coli*), *Pseudomonas aeruginosa* ATCC 9027 (*P. aeruginosa*) and *Salmonella typhimurium* ATCC 14028 (*S. typhimurium)*; unicellular fungi: *Candida albicans* ATCC 10231 (*C. albicans*).

[^3]: Values within the same column with different letters are significantly different (*P* ≤ 0.05) by LSD test, values are means ± SE (n = 6).

[^4]: Values within the same column with different letters are significantly different (*P* ≤ 0.05) by LSD test, values are means ± SE (n = 6).

[^5]: Values within the same column with different letters are significantly different (*P* ≤ 0.05) by LSD test, values are means ± SD (n = 6--10). Control is non bacterial inoculated plants; Mix.1-6B, bacterial consortium formed of a mix of bacterial isolates Tp.1B and Tp.6B.

[^6]: Values within the same column with different letters are significantly different (*P* ≤ 0.05) by LSD test, values are means ± SD (n = 6--10). Control is non fungal inoculated plants; Mix.2-5F, fungal consortium formed of a mix of fungal isolates Tp.2F and Tp.5F.
